Along with advancements in science and technology, anthropometric measurements using electronic devices have become possible, and research is being actively conducted on this topic. Recently, devices using Bluetooth that are portable because of their small size have been developed to allow real-time measurements and recording. This study investigated the concurrent validity and intra-trial reliability of a recently developed Bluetooth-embedded inertial measurement unit. Thirty-seven healthy, young adult participants (age = 22.1±1.2 years, height = 166.8±1.6 cm, mass = 61.9±12.3 kg) were included in the study. The knee extension angles during active knee extension were measured for validity, using both the Bluetooth-embedded inertial measurement unit and the standard goniometer. Intra-trial reliability was tested for consistency during repeated measurements. The intra-class correlation coefficients value for the concurrent validity between the Bluetooth-embedded inertial measurement unit and standard goniometer was 0.991, and the values for the intra-trial reliability of the two devices were 0.973 and 0.963, respectively. Based on its high validity and reliability, the Bluetooth-embedded device may be useful for evaluating functional impairment and exercise performance ability by real-time measurements of joint ranges of motion in clinical rehabilitation or sports fields.
Introduction
Hamstring flexibility is an essential element for efficient and functional movements during basic physical activities such as walking and running (Gajdosik, 1991) . Hamstring flexibility is considered to be especially important for athletes since their range of motion (ROM) is larger than that of non-athletes. Decreased hamstring flexibility reduces exercise performance ability, and may cause musculoskeletal problems such as hamstring injury and pain (Biering-Sørensen, 1984; Sexton & Chambers, 2006 ). An accurate evaluation of hamstring flexibility leads to better muscle performance and the prevention of possible musculoskeletal injuries (Heiderscheit, Sherry, Silder, Chumanov, & Thelen, 2010) . Among the methods for evaluating hamstring flexibility, the active knee extension (AKE), active straight leg raise (ASLR), and passive straight leg raise (PSLR) are widely used (Davis, Quinn, Whiteman, Williams, & Young, 2008; Gajdosik & Lusin, 1983) . The standard goniometer (SG), digital inclinometer, and three-dimensional motion analysis are often used to measure knee extension and hip flexion angles.
SG is a device with high validity (intra-class correlation coefficients) (ICCs=0.85-0.93) and reliability (ICCs=0.89-0.99), and is considered to be the gold standard for measuring joint ROM (Bierma-Zeinstra et al., 1998; Clapis, Davis, & Davis, 2008; . Although it is lightweight, portable, and easy to operate, the joint angle cannot be recorded in real-time when the joint is in motion (Gajdosik & Bohannon, 1987) . Recent advances in science and technology have enabled ROM measurements with electronic devices. The digital inclinometer, one of the well-known devices of this type, uses gravity to measure angles. This device also has a high validity (ICCs=0.86-0.94) and reliability (ICCs=0.87-0.99) and the results are quantified, as the angles are displayed numerically (Clapis, Davis, & Davis, 2008; . However, during dynamic measurements, unlike static measurements, errors may occur because parts of the body that are in contact with the measurement device may change as the subject moves. Finally, three-dimensional motion analysis uses a system that captures motion with multiple infrared cameras, and is a method that has high reliability (ICCs=0.87-0.96) (Jordan, Dziedzic, Jones, Ong, & Dawes, 2000) . However, this system is expensive and presents spatial limitations. It is also difficult to apply in clinical settings due to the lengthy measurement preparation and analysis time required, and only an experienced evaluator can operate the system. We investigated the validity and reliability of a Bluetooth-embedded inertial measurement unit (IMU), which is a miniaturized, portable device that can be attached to the skin over the joint being measured to minimize practitioner error during measurements. It also allows the monitoring of real-time changes in joint angles during movement by linking to a tablet, PC, or smartphone. Accordingly, the objective of the present study was to investigate the concurrent validity and intra-trial reliability of a newly developed Bluetooth-embedded IMU during AKE by healthy young adult subjects, and comparing it to an existing SG (gold standard). Additionally, since the Bluetooth-embedded IMU allows real-time measurements even during dynamic movement unlike the SG, it was tested during ASLR and PSLR to demonstrate its feasibility and usability in exercise and clinical settings.
Methods

Subjects
This study was conducted on 37 healthy young adult participants (age = 22.1±1.2 years, height = 166.8±1.6 cm, mass = 61.9±12.3 kg). The experimental protocol was approved by the Institutional Review Board (approval number: 1041549-161115-SB-34), and all participants voluntarily consented to participate in the study after receiving full explanation of the experimental procedures prior to the start of the experiment. Those who met any one of the following criteria were excluded: 1) history of hip or knee joint surgery; 2) history of hamstring injury; 3) neurological problems in the low back, pelvis, or lower limbs; and 4) experienced pain in the low back or lower limbs in the past 6 months.
Instrument
The Bluetooth-embedded IMU (Re-live Inc., Korea) is very lightweight (20.6 g) and small (44.9 x 30.0 x 15.5 mm). It is a 3-axial sensor that can measure angles in the frontal, sagittal, and transverse planes. The IMU can determine the joint ROM by combining the angular rate, acceleration, and magnetic field measured from a gyroscope, an accelerometer, and a magnetometer. The gyroscope measures the angular rate in the X, Y, and Z axes. The angle is then calculated by integrating the angular velocity over time and recorded at a frequency of 25 Hz (1).
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When an external force is applied to the IMU, the accelerometer measures the combined acceleration of gravity and the movement. Thus, the final angle is calculated by using the gyroscope signal to correct the accelerometer signal. The angle of rotation in the Z axis can be calculated using the angular rate from the gyroscope together with the magnetic field measured by the magnetometer.
Procedures
Concurrent validity and intra-trial reliability: For comparison of knee extension angles during AKE between the Bluetooth-embedded IMU and the SG, the mid-thigh area of the nondominant leg was immobilized with a strap. The first sensor of the Bluetooth-embedded IMU was attached at the midpoint between the greater trochanter and the lateral femoral epicondyle of the dominant leg ( Figure 1 ). The other sensor was attached on the skin at the midpoint between the lateral femoral epicondyle and the lateral malleolus of the fibula. With the hip and knee of the dominant leg in 90° flexion, the subjects performed AKE until they felt a slight pull on the back of the leg (Spernoga, Uhl, Arnold, & Gansneder, 2001 ). An iron frame apparatus was used to help the subjects maintain the hip flexed to 90°. Maximum knee extension was maintained for 5 s to record the knee extension value using the Bluetoothembedded IMU. The first and last 1 s were excluded, and the average for 3s, where the signal was steady, was calculated. Concurrently, an SG was used to measure the knee extension angle with the lateral femoral epicondyle as the axis. Using the aforementioned method, AKE was performed for a total of 3 times and the average of 3 trials was used for analysis. For intra-trial reliability, values from repeated measurements (three times) using the two devices were recorded and the 2nd and 3rd trials were used for analysis. Comparison of hip flexion angle between active and passive straight leg raise: With the Bluetooth-embedded IMU sensor attached at the midpoint between the greater trochanter and the lateral femoral epicondyle of the dominant leg, ASLR and PSLR were performed by the following methods: 1) ASLR: In the supine position, the subject actively raised his/her straight leg in order to flex the hip joint while keeping the knee extended, 2) PSLR: In the supine position, the subject passively raised his/her straight leg by an examiner in order to flex the hip until pain was felt.
Hip flexion angles for ASLR and PSLR were measured 3 times each and average of these were calculated. All subjects performed both ASLR and PSLR, but were randomly assigned as to the order in which the activities were performed. 
Statistical analysis
Intra-class correlation coefficient (ICC; 3, k), and 95% confidence interval (CI) were used for the analysis of concurrent validity between the Bluetooth-embedded IMU and the SG, and their respective intra-trial reliabilities (Portney & Watkins, 2000) . ICC values of <0.50, 0.50-0.75, 0.76-0.90, and >0.90 represented poor, moderate, good, and high validity or reliability, respectively. The standard error of measurement (SEM) with ICC (3, 1), 95% CI, and coefficient of variation (CV) was additionally calculated to analyze intra-trial reliability measured by the Bluetooth-embedded IMU and the SG. The minimal detectable change (MDC) reflecting the minimal amount of change to provide confidence that a change is not the result of variability or measurement error was also calculated (Haley & Fragala-Pinkham, 2006) . For comparison of the statistically significant differences between ASLR and PSLR, a paired t-test was performed. The significance level was set at 0.05. All statistical analyses were performed using SPSS for Windows, version 23.0 (IBM Corp., Armonk, NY, USA) and Microsoft Excel 2007 (Microsoft Inc., Redmond, WA, USA).
Results
The mean±standard deviation of active knee extension measurements for the Bluetoothembedded IMU and the SG and the ICC, and 95% CI are represented in Table 1 . The ICC (3, k) for concurrent validity between the Bluetooth-embedded IMU and the SG was very high (0.991, CI95 0.982-0.995). Table 2 represents the ICC, 95% CI, CV, SEM, and MDC for intra-trial reliability analysis of the Bluetooth-embedded IMU and the SG during active knee extension. The ICC (3, 1) values for intra-trial reliability were very high at 0.932 (Bluetoothembedded IMU) and 0.948 (SG). Additionally, SEM and MDC were 3.673° and 10.182° for the IMU and 3.174° and 8.797° for the SG, respectively. The Bluetooth-embedded IMU was used for real-time measurement of hip flexion angles during ASLR and PSLR (Figure 2 ). There was a statistically significant difference between ASLR and PSLR, with the hip flexion angle during ASLR (74.55°±17.51°) being lower than that of PSLR (81.78°±15.20°) (Table  3 ). 
Discussion
IMU sensors use an accelerometer, a gyroscope, and a magnetometer to calculate joint angles.
Recent technical advancement has allowed miniaturization, even allowing types that can be attached to the body. As a result, they are used extensively in clinical medicine, as well as in various other fields . In addition, the IMU sensor has high validity and reliability. According to a study by Williams et al., when orientation angles were measured using SG and three-space wireless dongle (YOST Labs, USA), a type of IMU sensor, the results showed high validity between the two devices (ICC=1.00) (Williams, Ryu, Bourdon, Graham-Smith, & Sinclair, 2016) . In a study by Al-Amri et al., knee joint ROM measurements using an IMU sensor, MTw2 sensors (B.V., The Netherlands), a motion analysis system, and a three-dimensional motion system (Vicon, Oxford Metrics Croup Ltd., Oxford, UK) showed high validity (R2>0.75) and intra-rater reliability (ICCs: 0.881-0.95) (Al-Amri et al., 2018) . However, with the IMU sensor with magnetometer, external disturbances can occur when there are ferromagnetic materials in the surrounding environment. The measurements can be distorted by the effects of surrounding objects, and so additional corrections (e.g. figure-ofeight correction) may be required, and obtained by measuring the magnetic field of the surrounding space. Thus, when the magnetometer is used, the homogeneity of the magnetic field must not only be ensured, but also must be continuously monitored. This results in continuous and unnecessary power consumption. In other words, IMU sensors that have been developed and are in use today have the shortcoming of draining the battery too quickly; however, increasing the battery capacity for longer usage time makes it difficult to miniaturize the product. The Bluetooth-embedded IMUs used in this experiment calculated the angles using only the gyroscope and accelerometer, without using the magnetometer. The drift error (due to not using a magnetometer) was corrected using an enhanced algorithm. Before taking measurements, the IMUs were calibrated by placing the sensors on a flat surface parallel to the ground. The Bluetooth-embedded IMU showed high validity against SG, which is widely used as the gold standard, while also showing high intra-trial reliability. The SEM and MDC, which are low and reasonable, for the intra-trial reliability of the Bluetooth-embedded IMU were similar 7 to those for the intra-trial reliability of the SG in this study and other reliable devices such as the Vicon motion analysis system and a digital inclinometer demonstrated in previous studies (Inokuchi et al., 2015; Kolber, Fuller, Marshall, Wright, & Hanney, 2012) . Even without a magnetometer, it was able to produce excellent results against the SG with only an accelerometer and a gyroscope. Existing algorithms are complex and inconvenient since they require frequent calibration. On the other hand, the Bluetooth-embedded IMU can be left alone for short time periods (about 2 seconds), and the value calculated during that time is used to calibrate the angles. It is simple to use and avoids unnecessary power consumption. The findings of this study showed high values for validity and reliability, demonstrating the feasibility and consistency in measurements from this device. In addition to rapid battery consumption, existing IMU sensors also have the shortcoming of limited use during real-time measurements or not being able to be used at all. Even if real-time measurement is possible, it must be connected to a laptop for the measurement; thus, it has limited use outside the laboratory (Favre, Jolles, Aissaoui, & Aminian, 2008; Feldhege et al., 2015; Takeda, Tadano, Natorigawa, Todoh, & Yoshinari, 2009 ). The Bluetooth-embedded IMU used in the present study can be linked to a mobile phone or table PC by Bluetooth and is able to measure and record in real-time through an application. The measurement of joint angle was started simultaneously using an application installed in a mobile phone or tablet PC even if two or more sensors are used. In the real-time measurements of hip flexion during ASLR and PSLR, the hip flexion angle measured during ASLR was lower (7°) than that measured during PSLR. In previous studies, the results during ASLR were 7° ~ 14.66° lower than those during PSLR, which were consistent with the findings in the present study (Henderson, Barnes, & Portas, 2010; Roberts & Wilson, 1999) . These differences in measurements were due to pelvic stabilization from the co-contraction of muscles in the front and back of the legs, and the tension caused by eccentric contraction of hamstring generated during ASLR. First, when the leg is raised during ASLR, stabilization of the pelvis is achieved by anterior tilting of the pelvis by the ipsilateral rectus femoris and posterior tilting of the pelvis by the ipsilateral trunk flexor and contralateral hip extensor (biceps femoris, gluteus maximus) (Cameron & Bohannon, 1993; Hu et al., 2012; Park et al., 2013) . Second, the eccentric contraction of the hamstring generated when the subject actively raised the leg limited the hamstring from becoming fully extended, unlike during PSLR, and as a result, hip flexion angle was reduced (Bohannon, 1982; Cameron & Bohannon, 1993; Gajdosik, Rieck, Sullivan, & Wightman, 1993) . In the present study, the Bluetooth-embedded IMU measured the hip flexion angles during PSLR and ASLR in real-time with the measurements being recorded by a tablet PC. Measurement and recording are possible with not only a tablet PC, but with a mobile phone as well. The device mentioned above has a longer operating time relative to other devices with the same battery capacity, and its measurement environment and location are not limited to the laboratory. The SEM and MDC of the Bluetooth-embedded IMU were both slightly higher than those of the SG, but the bit of difference might be too small to have a clinical meaning and the wireless sensor can provide greater freedom, even allowing measurement during a dynamic movement. Therefore, it has the potential for onsite use in clinical and various sports applications. Because of a low sampling rate, it may be limited to high-speed sports such as sprinting and football.
Conclusion
The reliability and validity of the Bluetooth-embedded IMU device compared to that of SG was demonstrated in this study. Since it also allows real-time measurement and evaluation, it offers broad applicability, particularly in the evaluation of functional impairments or performance improvement in the clinical or sports fields.
